ABSTRACT Depleting fossil fuels, and subsequently, high environmental pollution has made hybrid electric vehicles (HEVs), a vital replacement to its conventional counterpart. Electric and HEVs offer a compact, lightweight, and effective means of transportation that is economical and has sufficient life cycle. In this paper, the HEV under consideration uses two energy sources to operate its traction motor: a fuel cell works as the main source, whereas, an ultra-capacitor is used as an auxiliary source. Each source is connected to the DC bus via a power conditioning circuitry, which comprises electronic power converters. The power conditioning unit harnesses energy from the sources according to the load demand of the vehicle. A nonlinear control scheme, called Backstepping Sliding mode control, is employed on the power converters in the power conditioning unit. The reason for applying this nonlinear control scheme is due to the systems nonlinear nature, where this control law provides a robust and precise output in presence of these nonlinearities. Formal stability analysis of the proposed HEV system is provided in this paper, and the simulations are performed in MATLAB/Simulink environment. The simulation results show perfect regulation of the dc bus voltage with very fast convergence, low overshoots, and almost zero steady state error, which is our primary objective.
I. INTRODUCTION
The internal combustion engines (ICEs) have been the main driving unit of vehicles since their invention. ICEs use fossil fuels to generate energy and use this energy to drive the vehicle. Unfortunately, the depletion of conventional energy resources and a sudden increase in the world's temperature due to global warming have made renewable energy sources, a pressing need in vehicular technology. A major source of greenhouse gases (GHG) emissions is transportation. A study shows that 28% of the total GHG in the U.S. during 2016 was produced by emissions from vehicles and other forms of transport [1] .
Of the latest renewable energy systems, the hybrid electric vehicle (HEV) system has proven to be most efficient and capable in the scenario discussed above [2] . Most of the previous work on HEVs show that these systems comprise of two or more input sources, one being the main source and the other as an ''auxiliary source''. The main source has a high energy density and provides the overall average power to the vehicle. In most works, a fuel cell (FC) has been used as the main source, because it works on hydrogen fuel and has zero carbon emissions, hence it is environmentally friendly and proves to be economically sufficient when compared with the traditional ICEs [3] .
The auxiliary source provides power during high load demands like vehicle start-up, acceleration, and uphill climb. Therefore, a high power density source, such as an ultracapacitor (UC) is needed [4] . Moreover, the energy obtained through regenerative braking can be utilized by reverse charging the UC [5] . The combined energy of both the FC and UC sources provide power to a DC Bus. Since traction motors used in HEVs are mostly induction-type AC motors, an inverter is placed between the DC Bus and the vehicle motor. The sole purpose of this inverter power stage is to convert DC to AC, which drives the traction induction motor. The highlights of the operation of the FC-UC HEV are:
1) The FC provides power throughout the whole vehicular operation. It can work continually as long as the hydrogen fuel is available. 2) UC assists the main source (FC) during transients of the load. 3) UC can be recharged through regenerative braking or during the downhill drive.
4) The lifespan of a UC is 10-100 times more than batteries, which makes them an ideal choice for continuous charging and discharging during load transients. In [6] , different topologies and configurations are explained using batteries, UCs and FCs. However, it does not highlight the importance of a control system in an HEV. Also, there is no distinction defined between the use of battery and UC in this study.
The HEV system proposed in [7] and [8] , contains multiple inputs, with some sources linked directly to DC bus, whereas the others connected through bi-directional DC-DC converters. But this system lacks DC bus voltage regulation. In studies like [9] - [13] , each source is connected through its own DC-DC converter and equipped with an individual controller. This scheme proves to be costly and complicated, as it requires additional hardware and computational power. An economical solution is the multi-input HEV, which is introduced in [14] and [15] . In multi-input HEV, all the inputs are controlled by a single controller, making it relatively simple and economical. However, active power sharing between multiple sources is not considered in these studies.
In [16] and [17] multi-input converters are employed with only a linear PI controller in a feedback loop. The mathematical model of the DC-DC boost converter used in these topologies is inherently nonlinear, however, the model is linearized using small signal approximation. This linearization around a specific equilibrium point restricts the operating range of the DC-DC converter and decreases its robustness [18] . An FC/UC combination with nonlinear Lyapunov control is presented in [19] . The proposed system obtains all of its error values through an energy management system (EMS). The controller then diminishes these errors to obtain stability and desired output. In other words, the control scheme heavily relied on the EMS for its operation. The EMS usually uses sensors to measure quantities like the battery or UC's stateof-charge (SOC) and/or instantaneous power measurements of FC and UC. These measurements can include some uncertainties in their readings due to inaccurate sensors. Moreover, additional components like data acquisition systems and decision-making system are also required to implement the EMS algorithm.
The Backstepping Sliding mode control is a nonlinear control technique, which provides the advantages of both the Backstepping control and Sliding mode control. Studies like [20] , [21] employ this technique on DC-DC buck converters, but can also be extended to the system under consideration. Conventional Backstepping control is a recursive control technique where the system is stabilized not only using the system's original control input but also using certain states as virtual control inputs. However, simple Backstepping control lacks robustness in presence of parametric variations, such as in presence of varying output load current (I o ). Unlike simple Backstepping control, Backstepping Sliding mode control can be used to handle more than one system inputs and provides more robustness in presence of varying system parameters.
This article is arranged as follows: Section II describes the working principle of the FC, UC, and the DC-DC converters employed in the selected HEV system. Section III expresses the global mathematical model and the details of the parameters used in the construction of this model. Section IV explains the design of the controller, with a description of its control strategy. Section V illustrates and analyzes the results obtained from the simulation. Section VI gives the conclusion and future scope of this work.
II. OPERATIONAL ANALYSIS OF THE ELECTRIC COMPONENTS A. DESCRIPTION & BEHAVIOR OF ENERGY SOURCES
In this study, a parallel-type HEV system is selected, which consists of an FC as the primary source and UC as the auxiliary source as shown in Fig. 1 . This section describes the operation and power flow of each energy source, in detail. A mathematical model of both FC and UC sources, along with their respective DC-DC converters, is also derived and analyzed below. The development and analysis of the mathematical models are based on the FC's and UC's basic working principle and their usage in the selected HEV system.
1) FUEL CELL (FC) OPERATION
A fuel cell (FC) generates electricity from a chemical fuel, such as hydrogen fuel when the hydrogen ions from the hydrogen fuel react with oxygen or another oxidizing agent. In contrast to batteries, an FC can provide electricity, as long as it is provided with its fuel. An FC system consists of stacks of cells which are connected in series. The series combination increases the overall voltage of the FC system. There are different types of FCs, generally classified by the electrolyte used for the chemical reaction. The FC system considered in this work is proton exchange membrane FC (PEMFC), which is a prime candidate for this HEV application due to its compactness and its lowest start-up time among other types of FCs.
The inherent characteristics of the FC produce a nonuniform output voltage when FC current is varied [22] . Specifically, the output voltage decreases as the output current increases. Hence FC, in contrast to a constant voltage source, produces an unsteady voltage output. Therefore, the control system in an FC-HEV must possess the following characteristics:
i. (Fig. 1) is the unlimited amount of charge it can provide, as long as its hydrogen fuel is available. This is also known as charge density. Because of high charge density of the FC, most HEVs nowadays offer a distance of 60 miles during normal cruising mode.
2) ULTRA-CAPACITOR (UC) OPERATION
The UC source is very different from FC, in terms of its working principle, power density, and the way it generates electricity. In its origin, the UC is closer to its chemical substitute, the battery. However, no chemical reaction takes place inside a UC and the charge is stored electrostatically on the surface of its dielectric material and its plates. There are many advantages of UCs over batteries, such as higher power density (charging and discharging rate), a higher number of life cycles [23] , and higher specific power i.e. higher energy storage with smaller size and weight. Although UCs are more reliable, in a sense that they produce more regulated output voltage as compared to FCs, however, there are a number of reasons why a DC-DC converter is used with the UC in HEVs. Some of them are described below: i. The output voltage of a UC is low in comparison with the DC Bus voltage of an HEV. ii. A UC can discharge and recharge automatically.
However, to control the time of discharging and recharging, a DC-DC converter is necessary. iii. Active power sharing between UC, FC and the DC Bus is only possible in the presence of suitable DC-DC converters.
B. CHOICE OF POWER CONVERTERS
The configuration, in which the two power sources and their subsequent DC-DC power converters are arranged, is shown in Fig. 2 .
1) FC BOOST CONVERTER
As discussed earlier, the working phenomenon of a fuel cell is very different from normal batteries and UCs. Unlike batteries, it cannot be recharged when exposed to a compatible voltage source. Therefore, a uni-directional DC-DC boost converter is used with the FC. The boost converter amplifies the FC supply voltage and provides a steady output voltage. Since FC operates throughout the vehicular operation, the FC boost converter is used to stabilize and regulate the DC bus voltage to achieve its desired value. In contrast, the auxiliary source provides the necessary amount of current to the traction motor via DC bus and vice versa. The FC boost converter 
For the output Bus voltage (V dc ), the state equations, for each sub-cycle, are obtained as:
Averaging over one complete time period, the state equations are obtained as:
2) UC BOOST-BUCK CONVERTER
As the UC source has the capability to be recharged by regenerative braking, a bi-directional DC-DC converter is used between UC and DC bus. This converter is also known as ''Boost-buck'' because it performs the operation of the boost converter when power is transferred from the UC to DC bus and acts as a buck converter, when the power is transferred vice versa. Since the UC voltage is generally lower than the DC bus voltage, this converter is the perfect solution in this situation. It contains two switches S 2 & S 3 , with one inductor L 2 and its internal resistance R 2 , as shown in the Fig. 2 .
Here, u 2 is the PWM gate signal on switch S 2 & u 3 is the PWM gate signal on switch S 3 . The boost and buck modes of the UC boost-buck converter are given as,
The averaged state equations for each sub-cycle are given as:
It is important to note that in steady state, the output current of the UC converter (i 2 ) depends upon its input current i uc and its duty ratio M (u 2 , u 3 ) by the relation:
III. GLOBAL MATHEMATICAL MODEL
In this section, a global mathematical model is derived, which is necessary to develop a global control scheme for our FC-UC HEV. It should be noted here that in section II-B, the equations for the system's state variables were obtained by averaging the system quantities over one switching period. These system quantities were selected on the number of energy-storing devices (capacitors & inductors) used in a power converter. The quantity, in which a passive element stores its energy, becomes the state variable of the system [24] . The reason behind this selection was that a change in a state variable eventually represents a change in the system's energy. The modes of UC can also be represented by the current flow of the UC current i uc , i.e. i. When the UC is supplying power to DC bus in boost mode: i uc > 0 ii. When the UC is charging through regenerative power from the motor in buck mode: i uc < 0 Hence, we can define a variable K , which represents the UC modes in the following way:
Hence the two separate equations for the boost and buck mode of the UC converter (3 & 4) can be combined by introducing the variable K , such as,
Additionally, we can redefine a virtual control input u 23 for an easier derivation of our control scheme, such that,
As we can see that the control input u 23 act as the duty cycle of the PWM control signal of the UC Boost-buck converter. This implies, in steady-state:
Using Kirchhoff's current law on the output current node of the DC-DC converters,
Therefore, using equations (1), (2), (7), (8) & (9), the global model for the FC-UC HEV system is given as:
The above mathematical model is in state equations form. The state variables and control inputs are given as,
Where, i fc = average FC current, i uc = average UC current, v dc = average DC bus voltage, u 1 = average value of control input u 1 , u 23 = average value of control input u 23 .
Another important observation, which is eminent from the model eq. (10), is that the model is a nonlinear, multi-inputmulti-output (MIMO) system. Deriving a control law is much difficult for such a complex system.
IV. DESIGN OF BACKSTEPPING SLIDING MODE CONTROLLER A. CONTROLLER OBJECTIVES
The aims and objectives, to be achieved by the Backstepping Sliding mode controller, are:
i. Steady and regulated DC bus voltage, with minimum steady state error under varying load conditions. ii. The FC supplies power throughout the vehicular operation and regulates the DC bus voltage to its desired value. iii. The UC supplies and recharges its current, whenever required by the motor load. iv. A robust and fast output response with lesser involvement of the EMS. Shortcomings of EMS are already discussed in section I. v. Stability of the whole proposed system.
B. MODIFICATIONS IN THE MATHEMATICAL MODEL
Backstepping Sliding mode control provides the advantages of both the Backstepping and the Sliding mode control techniques. The Sliding mode control (SMC) provides finite time convergence and better robustness in presence of any parametric variation and the Backstepping control provides a recursive approach to minimize the errors using states as virtual controls. Also, the SMC possess a strong ability to handle large input variations and load transients [25] . The Backstepping Sliding mode technique applies a Sliding mode control loop over the Backstepping controller [26] . The resulting controller is capable of handling the uncertainties and load disturbances correctly. To apply the Backstepping Sliding mode control on the selected HEV model eq.(10), the model first needs to be modified into a compatible form. Let us define two new control variables µ 1 & µ 2 as:
Using the definitions of µ 1 & µ 2 from eq.(11), the model eq.(10) can be re-written as:
Now in the above form, µ 1 & µ 2 are the control inputs in equations (12) & (13) respectively. If we observe the eq. (14), we can see that all the nonlinear terms are gathered in this equation. Therefore, in order to control the UC current i.e. x 2 , a simple proportional-integral (PI) controller is applicable, as eq. (13) now represents a linear subsystem. But the DC bus voltage (x 3 ) depends upon the FC current (x 1 ) for its desired value. Therefore, the Backstepping Sliding mode controller is designed using equations (12) & (14) together, to achieve our main task of regulating the DC bus voltage to its desired value. Now, multiplying and expanding the terms of eq. (14), we can obtain,
In the above equation, it can be observed that the two rightmost terms, inside the parenthesis, contains the control inputs µ 1 & µ 2 . To account for input variations, let the system's input disturbance be
The above equation defines the sliding mode input disturbance which is not very significant when the trajectories are away from the sliding surface. However, once the trajectories reach the sliding surface, the disturbance d becomes significant enough that it cannot be neglected. Hence the input disturbance (d) is neutralized by the sliding mode control's subpart: the switching control, whereas the rest of the terms are stabilized using the sliding mode control's other subpart: the nominal control. Using the definition of the disturbance (d), the modified HEV model can be represented by the following set of dynamical equations:
C. SELECTION OF SLIDING SURFACE
The Sliding mode control can further be divided into two parts: 1. The nominal control u n , which is used to reach the sliding surface S, as shown in the Fig. 3 from time t 0 to t 1 . The nominal control can be described as,
2. Once the trajectory reaches the sliding surface S, the switching control u s keeps the trajectory, as close to it as possible. It can also be seen in the Fig. 3 after the time t 1 . For this purpose, the switching control is usually taken as,
Hence, a simple sliding surface can be selected as,
So that when S = 0, we reach our main objective of tracking DC bus voltage (x 3 ) to its desired value (V ref ). Further analysis and results validate our selection of the sliding surface.
D. STABILITY ANALYSIS
The next step in designing a nonlinear controller is defining an energy or energy-like function for the selected HEV system. Let us define a Lyapunov function candidate as:
Taking the derivative of the Lyapunov function candidate from eq. (18) (16) & (17), putting the derivative of sliding surface function S in the above equation, giveṡ 
switching control (20) where u n represents the nominal control and u s represents the switching control. Substituting eq. (20) into the eq.(19), we geṫ
when |ρ| ≥ |d|, the above equation yieldṡ
SinceV is negative definite, the Lyapunov stability criterion is proved. The sliding surface S is globally asymptotically stable, which means that the trajectory reaches and stays at the sliding surface (
The above stability is only possible when the virtual control error e 1 diminishes. To eliminate e 1 , a PI controller is employed. The output of this PI controller is used to control the inputs of the HEV model eq. (10) . Therefore, in physical implementations,
where,
As we know that the sgn(S) function switches its value instantly at t = 0, it creates chattering along the sliding surface (S = 0). The chattering phenomenon creates unnecessary noise and switch stress in mechanical and power electronics systems [28] . To alleviate this phenomenon, a saturation function is introduced to ''smooth-out'' the transients near the sliding surface because the saturation function does not change its value instantly [26] . This saturation function is given as,
where ε is the boundary layer value. With the improved switching function, the final control law or the reference value I ref 1 of the proposed Backstepping Sliding mode control is given as,
For simulation purposes, the states x 1 & x 2 are considered measurable, therefore, there is no need for a state observer in this control scheme. This assumption is rightly justified because the aforementioned states are physically inductor current and capacitor voltage, respectively. Both of these quantities can be measured using an ammeter and a voltmeter. Although to avoid inaccurate data readings from the sensors, state observers can be used. The performance of a control scheme can be significantly improved by using a state observer [29] . The implementation of a state observer (sliding mode based) is recommended for future work. For more details, see studies like [30] , [31] . 
V. SIMULATION RESULTS & ANALYSIS A. SELECTION OF SIMULATION PARAMETERS
The proposed HEV control scheme is simulated in MATLAB/ Simulink software to test its performance under varying conditions. In order to highlight the comparison of this work with the previous ones, the parameters and specifications of the power sources are selected the same as from [19] and are given in Table 1 . The selected parameters of the DC-DC converters are listed in Table 2 . The values of the simulation parameters: the overall stability parameter σ , disturbance rejection parameter ρ, the boundary layer gain ε for the alleviation of chattering phenomenon, and the two PI controller VOLUME 6, 2018 gains, are given in Table 3 . The selection of the simulation parameters, given in Table 3 , is based on the trial and error method. There are a few systematic techniques to evaluate these gains like genetic algorithm based gain estimation [32] . However, the most common practice nowadays is the trial and error approach as it does not require additional computational power and complex algorithms. It is important to note here that all of these parameters must be positive because these ensure the stability of the system.
B. RESULTS FROM EUDC STATNDARD
The results of this HEV system, operating under a standard driving cycle, are presented in the Figs. 4-10. These graphs show the UC charging and discharging under different transients of load current, with constant FC current. A constant FC current is employed to portray our basic requirement of the baseline power from the FC source. The proposed HEV system is tested under the standard European extra-urban driving cycle (EUDC) for a better and complete analysis of its performance. In this way, EUDC assesses the effectiveness of the proposed control scheme in the HEV system. Fig. 4 shows the vehicle speed profile for the EUDC cycle. Highspeed values represent high motor load or acceleration mode, whereas low-speed values represent low motor load or deceleration mode. Figure 5 shows the varying load transients for EUDC. This load current profile I o is generated by keeping in mind the vehicle specifications, the traction induction motor characteristics, and a non-ideal inverter efficiency of 75%. The relation of load current with vehicular specifications can be given as,
where v t represents the speed of the vehicle, V ref is the desired DC Bus voltage and ρ air is the air density. The rest of the parameters are listed in Table 4 . Same parameters of vehicle and motor are chosen to compare the performance of the proposed HEV system with recent works, such as [19] . Due to the lack of computational power, the EUDC is adjusted from a total time of 400 seconds to a shorter time of 5 seconds but the shape of load profile curve is kept the same. This assumption is justified because the FC source is restricted to a constant base current, whereas the UC provides power during load transients. Hence the FC is providing the low-frequency part of the load profile and the UC is responsible for the highfrequency parts of the load profile. Fig . 6 shows the DC Bus voltage v dc , tracking its reference value of 300V DC. Initially, the transient response lasts for about 0.04 seconds. This is the stabilization or settling time the controller takes to achieve its reference and optimize the HEV system according to our objectives. Later on, small variations can be seen in the zoomed-in sections of the fig. 6 at time instants where there is a sharp change in the load current I o value, however, each time the state eventually converges to its reference after a short period of time. A very small steady state error can also be observed in fig. 6 but it is small enough to be negligible. a constant value of around 20 A, which is used to provide the base-line or average power to the vehicle, and the UC current supplies and recharges the extra load current. Fig. 8 shows that the UC current tracks its reference value correctly. The zero line indicates the difference between the charging and the discharging mode of the UC. Top half plane indicates the discharging mode (where I o > i fc ), whereas the bottom half plane represents the charging mode of UC (I o < i fc ). Slight variations can be observed in the fig. 7 initially, which die down after the system transients have passed. Later on, small variations are also observed at time instants where the load current changes its value abruptly. However, the controller successfully regulates the system after a very short time, which shows excellent robustness in the presence of system parameter variations. It should be noted that in the HEV simulation, no manual reference value was given to the FC current and the system behavior is entirely controlled by the UC current reference value. This makes the HEV system less reliant on the EMS, which was one of our primary objectives. Figures 9 & 10 show the plots of control inputs u 1 & u 23 applied at the gate of MOSFET switches of the DC-DC power converters.
C. RESULTS FROM COMPARISON WITH OTHER CONTROL SCHEMES
To further highlight the performance of the proposed HEV system, a comparison with a recent study [19] is done in this section. For better comparison, the DC-DC converter parameters are kept the same as given in the previous study. However, to observe the differences in the transient responses of the two systems, the load current profile is assumed as given in fig. 11 . This is an example load current profile and the values of the currents are assumed here to compare the performance of the proposed system with the previous study. This assumed load current profile is valid because the highest load current value is assumed for the vehicle in acceleration mode and the lowest load current value is assumed for deceleration mode, as can be seen in fig. 11 . Hence this load current profile is consistent with the basic operation of a vehicle. For this part of the simulation, the UC current is kept at a constant reference of 10 A, whereas, the FC is used to provide the extra load to the vehicle. The DC bus voltage reference (v Fig. 12 shows very fast convergence of the FC current (i fc ) to its reference. A small overshoot can be observed initially, however, this transient behavior is quite normal for these types of systems. Fig. 13 shows the two DC bus voltage (v dc ) waveforms obtained using the Backstepping Sliding mode control and the Lyapunov based control presented in [19] . The results from the Backstepping Sliding mode controller show fast convergence, lower overshoots and lesser steady state error than the results obtained using the Lyapunov based control. This proves that the HEV system, using the Backstepping Sliding mode control, provides better performance than the Lyapunov based control used in [19] .
VI. CONCLUSION
In this work, an HEV system has been presented, with a PEMFC as the main driving source and a UC as the auxiliary source, for the optimum energy use in modern vehicular systems. Power converters have been used to provide dynamic energy exchange between the sources, as mentioned above. A nonlinear control scheme, called ''Backstepping Sliding mode control'', has been implemented on the selected HEV system. The resulting controller provides fast reference tracking and performs satisfactorily in presence of load variations. As a sub-objective, the use of an energy management system (EMS) has been limited and the dependency of the HEV system on its EMS has been decreased as compared to its former works. MATLAB/Simulink is used to test the performance of the HEV system under a standardized European extra-urban driving cycle (EUDC). Simulation results have indicated that the FC and UC behave satisfactorily and accurately, according to our objectives. Hence, with the provided analytical and simulation proofs, the system's stability and the performance of the whole proposed system turn out to be satisfactory.
Currently, only two DC-DC converters have been employed to integrate both FC and UC. In future, any other suitable converter topology can be applied, which reduces the number of power converters, which in turn reduces the size, complexity, and cost of the whole HEV system. Also, the control technique applied in this study is a nonlinear technique, called Backstepping Sliding mode control. However, another nonlinear control technique, called adaptive control scheme, can be implemented to produce a controller that does not require the knowledge of the load current profile [33] , [34] . It may result in a more robust and stable HEV system. Moreover, other combinations of energy sources, such as photovoltaic (PV) array, can be used to optimize, conserve, and maximize the energy available in an HEV system.
The scope of this work is limited to the modeling and control of the initial power stage, which excludes the inverter system and the traction motor connected to the DC Bus. In the future, the inverter and the traction/induction motor can also be modeled and can be included in the global model of the HEV system.
